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A novel ternary composite consisting of cobalt oxide (Co3O4) nanoparticles (NPs) grown on 
multiwalled carbon nanotubes (MWCNTs) and mixed with gold (Au) NPs is synthesized by single 
step hydrothermal route. Initially, density functional theory (DFT) simulation was carried out to 
model the aggregation of Co3O4 NPs and validated further with the experimental results. To 
circumvent this issue, MWCNTs with gold NPs were introduced which significantly reduced the 
particle aggregations. The standard three electrodes cell studies revealed that 
Co3O4/Au@MWCNTs composite possesses an excellent energy density, rate capability and very 
good cyclic stability compared to unsupported Co3O4 or the binary Co3O4@MWCNTs. The 
promising electrochemical performance compared to the single Co3O4 or the binary 
Co3O4@MWCNTs materials is assigned to the synergetic effects of MWCNTs and Au to 
disaggregate the Co3O4 NPs and to enhance the overall conductivity, respectively. In order to get 
insight, the evaluation performance, the two electrodes devices were assembled employing 
activated carbon as a negative electrode and Co3O4/Au@MWCNTs composite as a positive 
electrode material. The two electrodes supercapattery device demonstrated splendid cycling 
stability with a retention value of 91.70 % in 1 M KOH for over 3500 cycles. Additionally, it 
exhibited excellent energy density of 18.80 Wh Kg–1 at a power density of 302.00 W Kg-1. These 
encouraging outcomes can be associated to the distinctive morphology, outstanding conductive 
networks, increased electroactive sites, and emergence of strong networking of Co3O4, MWCNT 
and Au in the ternary composite.   
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1. INTRODUCTION  
 The rapid emergence of miniaturized electronics requires widespread and concerted 
research efforts into the higher energy density storage devices, also called supercapacitors.1, 2, 3 
Supercapacitors are currently acknowledged as the basic building-blocks of future integrated 
power sources because of their promising power density, essentially rapid charge/discharge cycles, 
outstanding low temperature performance and ecofriendly features.4, 5 Their unique characteristics 
have expanded their scope ranging from modern recreational facilities such as wearable electronics 
to smart building windows, non-planar translucent tops and the automobile windshields etc.6, 7 
Basically, a supercapacitor comprises of two highly conductive electrodes separated by mobile 
ionic species within an electrolyte.8 Contrary to conventional capacitors, the charge is balanced by 
the adsorption of cations and anions at the electrodes surface upon applying the voltage, and the 
outstanding efficiency of supercapacitors is attributed to the highly reversible ion adsorption 
mechanism. Therefore, for the realization of highly efficient devices, the electrode materials and 
design configuration should potentially possess excellent electrochemical and optoelectronic 
performance.9,10 
 Unlike the batteries, the charging is not confined by the diffusion of ions in the bulk of the 
electrodes in the supercapacitors. Therefore, they possess higher power densities that can 
complement and sometimes completely replace the batteries when higher power delivery or uptake 
is desired. 11 However, the lesser energy density of supercapacitors compared to the conventional 
batteries is still a bottleneck in their realization for various applications.12 It is highly desired to 
enhance the energy density of supercapacitors while maintaining their power density. In recent 
years, a new approach employing synergistic hybridization of both the  supercapacitors and 
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batteries has been developed for the realization of the so-called supercapattery that compliments 
the distinguished features of both the devices.13 The supercapattery (asymmetric supercapacitor or 
hybrid supercapacitor are wrongly used terms),  is a synergistic hybridization of the eminent  
energy-storage features of the batteries by employing pseudoactive battery grade materials as a 
positive electrode and escalated power density features of a capacitor while employing 
carbonaceous materials as a negative electrode.14 Therefore, the realization of high performance 
supercapattery clearly demands the exploitation of new material combinations/compositions and 
design configurations. It is noteworthy that the current work demonstrates the utilization of novel 
materials combination in the supercapattery electrode, therefore, the device will be termed as 
supercapattery hereafter, throughout the article to avoid any confusion due to its similarity with 
the supercapacitor. 
 The key factors for the supercapattery to achieve the excellent energy density and overall 
high performance is the selection of optimized electrode material composition/combination and 
design configuration.15 In this context, transition metal oxides including NiO, MnO2, V2O5, MoO2, 
Fe2O3 and Co3O4, etc. have been employed as an positive electrode materials in high performance 
energy storage devices over the recent years.16, 17 Among the transition metal oxides, Co3O4 is the 
most investigated electrode material due to its controllable nanostructures, its abundance in nature, 
ecofriendly properties and its ultra-high theoretical specific capacitance (3560 F/g).4, 18 The diverse 
polar sites in the Co3O4 crystals are achieved via the distribution of its bivalent state (Co
2+) over 
the tetrahedral and trivalent state (Co3+) over the octahedral sites. In addition, these oxidation states 
enable the structure to achieve the features of  high catalytic activity and high surface to volume 
ratio that ultimately lower the recombination of charges and facilitate the rapid charge transport 
mechanism on the electrode.19 Despite the fact that Co3O4 possesses several advantages as a stand-
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alone electrode material, it still lacks in many aspects. Firstly, aggregation of Co3O4 nanoparticles 
(NPs) causes a considerable reduction in their active sites that ultimately induces quick capacity 
retention and morphological disorder in the course of the charge-discharge cycle.20 Secondly, the 
breakage and even crumbling of Co3O4 based electrodes originating from the major volume 
variation during the cycling process ultimately lead to the capacity reduction.21 Therefore, much 
devotions have been given to blend Co3O4 with other materials. Thus, synergistic hybridization of 
Co3O4 with the multiwalled carbon nanotubes (MWCNTs) to reduce the aggregation of Co3O4 
along with the highly conductive gold (Au) NPs using simple and cost-effective approach is 
particularly attractive to address the aforementioned issues and to uplift the overall efficiency of 
the supercapattery.22  
 The present work simulates the Co3O4 aggregation phenomenon using first principle 
method by Density Functional Theory (DFT) modeling. Further to circumvent the issues 
associated with Co3O4 as stand-alone material, it reports a facile, cost effective and single-step 
hydrothermal process to synthesize Co3O4/Au@MWCNTs ternary composite as an electrode 
material in supercapattery devices. Carbonaceous materials such as MWCNTs improve the cycling 
stability and enhance the electrochemical active sites by facilitating charge transfer and 
significantly reducing the aggregation of  NPs.13, 23 The Co2+ and Co3+ oxidation states of Co3O4 
are reactive towards the sp2 hybridized carbon atoms of MWCNTs. Therefore, when the sidewalls 
of MWCNTs react with the cobalt ions, it results in the grafting of Co3O4 NPs onto the 
MWCNTs.24 In addition, the MWCNTs are exceedingly narrow conductors and their diameters 
are several atomic lengths only. They possess hollow structure, high porosity and ballistic electron 
transport. Therefore, MWCNTs provide an ideal platform to reduce the aggregation of Co3O4 
nanoparticles and facilitate the movement of electrons for the metal oxide when synthesized on 
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the MWCNTs matrix, primarily in the EC applications. Thus, the growth of Co3O4 NPs onto the 
MWCNTs matrix will not only reduce the clustering of Co3O4 but also prevents structural disorder 
and capacity fading.25 In addition, the high band gap of metal oxides induces the slower electron 
transfer, therefore, noble metals such as Au in the Co3O4/Au@MWCNTs ternary composite can 
significantly enhance the conductivity through the wider electron transfer channels. These features 
will ultimately contribute to the redox reaction. The electrochemical performance of ternary 
composite, Co3O4/Au@MWCNTs was evaluated and finally tested systematically for the 
supercapattery applications as a positive electrode material. The synthesized material showed 
significant performance including superior specific capacity, high rate capability and enhanced 
cycling stability compared to single Co3O4 and binary Co3O4@MWCNTs as reference materials 
in addition to the already reported results. 
 
2. EXPERIMENTAL SECTION  
2.1 Materials  
 MWCNTs were supplied by Beytube, Germany. Activated carbon (AC), cobalt chloride 
hexahydrate (CoCl2.6H2O), poly (vinylidene fluoride) and acetylene black were obtained from 
Sigma-Aldrich. Hydrochloric acid (35%), ammonia solution (28%) and 1-Methyl-2-pyrrolidinone 
(99.5%) were obtained from Merck. Auric chloride   precursor was obtained from ABCR GmbH 
& CO.  KG. In addition, all solutions were prepared in deionized (DI) water. 
2.2 Preparation of Co3O4/Au@MWCNTs composite 
 MWCNTs were acid-treated to improve their aqueous dispersion by introducing the 
electronegative functional groups. Moreover, this process eliminates the metal and carbon 
residues, also introduce porosity and  increases the surface area.26 In this context, MWCNTs were 
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treated with acid following our previously reported method.13 Further, 1mM of the CoCl2.6H2O 
dissolved in 20 mL of DI water followed by drop-wise addition of 15 mL of NH4OH (6%) at the 
rate of 1 mL min-1 under constant stirring for one hour. With respect to cobalt precursor,  5 wt. % 
of AuCl3 was dissolved in 5 mL of DI water and  added drop-wise into the above mixture while 
stirring for further 30 min followed by the addition of 16 wt. % of MWCNTs (with respect to 
cobalt precursor) dispersed in 10 mL of DI water. Finally, the Teflon lined stainless steel autoclave 
was used to carry out the hydrothermal reaction by keeping the resultant mixture (50 mL) at 150 
°C for 5h. The precipitates were washed by centrifugation with excessive DI water and ethanol 
followed by drying in an oven (60 °C). The same protocol was replicated to synthesize Co3O4 NPs 
without MWCNTs and Au-precursor. Also, Co3O4@MWCNTs binary composite was synthesized 
by employing the same procedure without Au-precursor. 
2.3 Material characterization 
 The density functional theory calculations on Co3O4 nanoparticles have been performed 
using the commercial software – Quantum ATK from Synopsys Inc. We built the molecular 
models for Co3O4 nanoparticles with various radiuses. Geometrical optimization and total energy 
analysis have been subsequently conducted. Detailed simulation parameters and results are 
presented in the result section. The micro-morphology, mapping and elemental composition were 
characterized using field emission scanning electron microscopy (FE-SEM) JSM-7600F 
microscope (JEOL, Japan) and energy dispersive spectroscopy (EDS). The crystal structure and 
phase identification of  the Co3O4/Au@MWCNTs composite were carried out in 2θ scanning range 
of 10° to 70° using a Philips X'pert X-ray diffractometer (XRD) equipped with Cu-Kα source (λ = 
1.5418 A°). X-ray photoelectron spectroscopy (XPS)  was performed  on a PHI 5000 Versa Probe 
Scanning ESCA Microprobe (PHI 5000 Versa Probe II, USA) in an ultrahigh vacuum chamber 
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(∼10-10 m bar) using monochromatic Al-Kα (hν=1486.6 eV) anode.  Deconvolution of each 
spectrum by curve fitting of XPS core-level spectra was done using Multipack software (version 
9, ULVAC-PHI, Inc.).  
2.4 Electrode fabrication and electrochemical measurements 
 The supercapattery devices were fabricated using the Co3O4/Au@MWCNTs ternary 
composite as a positive electrode and AC as a negative electrode material. Briefly, 75 wt. % of 
Co3O4/Au@MWCNTs, 15 wt. % of AC and 10 wt. % of PVdF were blended in NMP and stirred 
for 12 hours to obtain a homogeneous slurry. The resultant paste was coated onto the nickel foam 
(1×1 cm2), followed by drying in an oven at 90 °C for 12 h. The mass loading of the synthesized 
redox active material was about 5.00±0.05 mg. The electrochemical (EC) measurements were 
carried out in 1 M KOH electrolyte at room temperature. Cyclic voltammetry (CV), galvanostatic-
charge discharge (GCD) and electrochemical impedance spectroscopy (EIS) measurements were 
performed using a potentiostat (Gamry Interface 1000 Instrument, USA) electrochemical work 
station. For the performance comparison of Co3O4/Au@MWCNTs ternary composite, both the 
individual Co3O4 NPs and the Co3O4@MWCNTs binary composite were also characterized by 
following the same measurement steps as described for the ternary blend.  
 
3. RESULTS AND DISCUSSION 
Figure 1 illustrates a schematic diagram of the current work exhibiting DFT simulation of 
Co3O4 NPs, preparation of the Co3O4/Au@MWCNTs ternary composite and its subsequent 
utilization as a positive electrode material in the supercapattery. The synergy of eminent power 
delivery characteristics of capacitors and prominent energy-storage features of batteries in one 
device, the so-called supercapattery is actually the combination of battery and capacitor features 
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together that makes it a novel device which stores energy by a dual mechanism.27 To investigate 
the aggregation issue associated with the Co3O4 NPs, first principle method has been used to 
perform DFT simulation of Co3O4 NPs. The model qualitatively analyzes the aggregation of Co3O4 
NPs. Further, the effects of MWCNTs to mitigate the Co3O4 aggregation, and Au to enhance the 
conductivity in the Co3O4/Au@MWCNTs composite have been thoroughly explored. The 




Figure 1: Schematic illustration of  DFT simulation of Co3O4 NPs aggregation (top),  preparation 
of Co3O4/Au@MWCNTs ternary composite (middle) and  supercapattery employing 
Co3O4/Au@MWCNTs ternary composite as a positive electrode material (bottom).  
3.1 DFT Modeling of Co3O4 Nanoparticles  
 First principle method was used to simulate the Co3O4 NPs. Particles with various sizes 
have been modeled and shown in Figure 2. The corresponding sizes and numbers of atoms are 
detailed in the figure caption. The first step of modeling was to optimize the particle geometry 
with the maximum force tolerance less than 0.05 eV/Å using the density functional theory (DFT) 
LCAO (linear combination of atomic orbitals) calculations. Several analyses based on the 
geometrically optimized particle have been performed including the total energy and projected 
density of states. According to the DFT, the total energy ET(n) is the free energy given by 𝐸𝑇(𝑛) =
𝑇(𝑛) + 𝐸𝑋𝐶(𝑛) + 𝐸𝐻(𝑛) + 𝐸𝑒𝑥𝑡(𝑛) − 𝜎𝑆, where n is the electron density. The first term on the 
right side represents the kinetic energy, second denotes the exchange-correlation energy, the 3rd 
item includes all the electrostatic terms, fourth is the interaction energy with an external field, and 
the last one is the entropy contribution due to smearing of the occupation function. The total energy 
and its constituent energy items of Co3O4 particles with all the five sizes are shown in Figure 3. 
The external filed energy is zero and entropy-term is very small (< 1 eV) compared with the other 
three energy terms, which are not shown in Figure 3. As commonly defined, the “0” total free 
energy is for the case where all the atoms are infinitely separated and there is no movement. Hence, 
the total energy is negative, a smaller value of total energy indicates a higher level of NP stability. 
The trend demonstrated in Figure 3 tells that stability increases with the increasing NPs size. It is 
reasonable to qualitatively deduce that the aggregation problem of the Co3O4 is attributed to the 





Figure 2: Atomic structure of Co3O4 NPs with different radiuses. (a) un-optimized structure with 
radius of 3 Å, total 14 atoms, (b) optimized 3Å NP, (c) un-optimized NP with 4Å radius, total 22 
atoms, (d) optimized 4Å NP, (e) un-optimized 5Å NP, total 70 atoms, (f) optimized 5Å NP, (g) 
un-optimized 6Å NP, total 100 atoms, (h) optimized 6 Å NP, (i) un-optimized NP with 7Å radius, 
148 atoms and (j) optimized 7Å NP.   
 






























Figure 3: Calculated total free energy and its constituents (kinetic, exchange-correlation, 
electrostatic) of the Co3O4 NPs with different radiuses.  
 Figure 4 shows the simulated electron density of state (DOS) for five different sizes with 
radius incrementing from 3 Å to 7 Å. In general, it is seen that the electron density of the O element 
is greater than that of Co element for lower energies, and the DOS of Co is higher under high 
electron energies. Although the peak DOS reduces a little from 3Å NP to 4Å NP, the absolute 
value of the DOS follows an approximate increasing trend as the increase of the NP radius.  Larger 
DOS resembles that of bulk materials.  
 
Figure 4: Calculated density of states for five Co3O4 NPs with different sizes. (a) 14 atoms, (b) 
22 atoms, (c) 70 atoms, (d) 100 atoms and (e) 148 atoms. 
 
3.2 Material Characterization of Co3O4/Au@MWCNTs ternary composite 
 The DFT simulation reported in Section 3.1 confirms the aggregation of Co3O4 NPs as a 
stand-alone material that ultimately reduces their redox active sites and induces rapid capacity 
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fading. The Co3O4/Au@MWCNTs ternary composite has been synthesized to overcome stability 
issues associated with the single Co3O4 NPs as an electrode martial. The material is expected to 
bring a synergy of the high conductivity of Au NPs and ability of MWCNTs to disaggregate the 
Co3O4 NPs, hence the benefit of Co3O4/Au@MWCNTs ternary composite is two-folds. Therefore, 
the ternary composite and its individual content have been investigated for their morphological, 
compositional, structural and chemical properties.  
3.2.1 Morphological Characteristics 
 FESEM is a valuable technique to characterize the morphology and microstructure of the 
prepared materials. The morphology of the Co3O4, its Co3O4@MWCNTs binary and 
Co3O4/Au@MWCNTs ternary composite are first studied by FESEM at different magnifications, 
as shown in Figure 5. The Co3O4 micrograph (Figure 5a) shows a granular structure with highly 
aggregated grains of 20-30 nm in size, directing to inadequate vulnerability of their cubic faces. 
Nevertheless, the aggregation is significantly reduced after introduction of MWCNTs in the 
Co3O4@MWCNTs binary composite shown in Figure 5b. The Co3O4 NPs were uniformly grown 
by a hydrothermal technique at oxygen containing functional groups on the MWCNTs matrix. 
Figure 5c and 5d represent the FESEM micrographs Co3O4/Au@MWCNTs ternary composite at 
a different  resolution to illustrate the disaggregation of nanoparticles over the  MWCNTs matrix. 
The ultra-small Au NPs on Co3O4 and MWCNTs are uniformly decorated on MWCNTs and 





Figure 5: FESEM images of (a) Co3O4 NPs, (b) Co3O4@MWCNTs binary composite; (c) low and 
(d) high magnification images of Co3O4/Au@MWCNTs sample showing Co3O4 and Au NPs 
decorated on MWCNTs network.  
 
 Figure 6 depicts the constituent elements spectra and their corresponding EDS-mapping 
in the Co3O4/Au@MWCNTs ternary composite. The composite was characterized by selecting 
random areas using EDS analysis. The carbon is attributed to the MWCNTs, Co indicates the 
Co3O4 and Au peak indicates the presence of Au NPs. This confirms the successful emergence of 
Co3O4/Au@MWCNTs ternary composite. Moreover, the image mapping with distinguished colors 
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indicates the even distribution of all the individual constituents of the ternary composite across the 
matrix presented in Figure 6a to e. Particularly, Figure 6f verifies the even distribution of both 
the Co3O4 and Au on the MWCNTs network.  
  
 
Figure 6: (a) EDS spectrum shows the elemental composition and, EDS-elemental mapping of 
(b) C, (c) Co, (d) O, (e) Au content of the Co3O4/Au@MWCNTs ternary composite. (f) Mix-
verifies the even distribution of both the Co3O4 and Au NPs on the MWCNTs network.    
 
3.2.2 Structural analysis  
 XRD patterns were recorded for the Co3O4 as well as its Co3O4@MWCNTs and 
Co3O4/Au@MWCNTs composites, as shown in Figure 7. The XRD patterns of Co3O4 and its 
composites showed intense reflections with sharp peaks, indicating the high crystallinity of the 
prepared material. XRD spectrum of Co3O4 exhibits characteristics peaks at 2θ value of 18.82°, 
31°, 36.47°, 44.35°, 58.73° and 64.52°, which are ascribed to (111), (220), (311), (400), (511) 
and (440) lattice plans of cubic symmetry of Co3O4 crystal structure (space group: FD-3m(227)). 
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All the peaks are well indexed with the ICDD-PDF-00-009-0418 card number. The peak 
intensities considerably reduced in Co3O4@MWCNTs and Co3O4/Au@MWCNTs composites 
due to the fact that MWCNTs probably have partially covered the Co3O4 NPs. This indicates the 
successful integration of MWCNTs and Co3O4 in the binary matrix. The characteristic peaks of 
Au ascribed to (111), (200) and (220) at 38.10°, 44.37° and 65° respectively, in the 
Co3O4/Au@MWCNTs are corresponding to the cubic structure of Au and well indexed with the 
ICDD-PDF-00-002-1095 card number. The successful integration of MWCNTs and Au NPs to 
form a ternary composite has been confirmed by SEM-scanning and EDS mapping too. It is 
expected that inclusion of Au NPs may increase the conductivity by facilitating with the transfer 
channel which could eventually improve the EC functioning of the as synthesized ternary 
composite.13 
 
Figure 7: XRD pattern of the Co3O4, Co3O4@MWCNTs binary and Co3O4/Au@MWCNTs 
ternary composites scanned in the 2θ range of 10°-70°.  
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3.2.3 XPS analysis of the Co3O4/Au@MWCNTs ternary composite 
 The surface composition and elemental chemical states of the Co3O4/Au@MWCNTs 
ternary composite material were analyzed by XPS as shown in Figure 8. The two peaks appeared 
at about 84.35 and 88.06 eV are attributed to the 4f7/2 and 4f5/2, respectively, of the typical metallic 
Au (Figure 8a). 28-30 The O 1s spectrum (Figure 8b) exhibits a strong peak at ∼529.98 eV and a 
relatively low intensity peak at ∼531.47eV that indicates the presence of  at least two kinds of O 
chemical states; the crystal lattice oxygen (OL) and hydroxyl oxygen (OH).
31, 32 A third, relatively 
low intensity peak at 533.43eV is ascribed to the C-O bond and indicates the direct bonding of  
oxygen and carbon atoms.33 The curve fitted C 1s spectrum is shown in Figure 8c. The main peak 
at 284.75 eV is attributed to the sp2 C–C and the other two peaks are ascribed to the sp3 C–C and 
the carbonyl C (C=O)  at ∼285.83 eV and 288.88eV, respectively.34-38 Curve fitting for Co core-
level spectrum shows the characteristic peaks of Co 2p3/2 at and Co 2p1/2 at 779.97 eV and 795.95 






Figure 8: Core-level XPS spectra of the Co3O4/Au@MWCNTs ternary composite electrode: (a) 
Au 4f, (b) O 1s, (c) C 1s and (d) Co 2p.  
 
3.3 Electrochemical Analysis  
3.3.1 Electrochemical studies of Co3O4, Co3O4@MWCNTs and Co3O4/Au@MWCNTs 
 The electrochemical studies of the modified electrode were conducted in a standard three-
electrode cell system at diverse scanning rates up to 50 mV s-1 in 1 M KOH aqueous electrolyte in 
a potential window of 0.0– 0.5 V (vs. Ag/AgCl). The performance was evaluated on the basis of 
the capacity difference of the Co3O4, its Co3O4@MWCNTs binary and Co3O4/Au@MWCNTs 
ternary composite variants as shown in Figure 9(a-c), respectively. It is observed that the increase 
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in the voltammetric currents is in direct proportion to the scan rates. The typical CV curves of the 
unaided Co3O4 consist of the strong redox peaks that shift towards higher (anodic peaks) and lower 
(cathodic peaks) potentials at the higher scan rates. The polarization and potential kinetic 
irreversibility of electrolyte ions access to the electrode interface is responsible for the observed 
peak potential shift. There is a linear increase in the peak potential with the varied scan rates 
indicating the good reversibility.31 The well-defined pair of Co3O4 redox peaks exhibit the 
properties of  typical faradaic behavior of a battery-type electrode. However, the battery-type 
materials based on metal oxides should not be confused with the pseudo-capacitivity of the  
materials, because the electrochemical signature of battery type and pseudo-capacitive material is 
different.27 It is noteworthy that the redox peaks come from the reversibility of cobalt ions  
transitions with the hydroxyl ion (OH-) of the alkaline media. Moreover, Figure 9c illustrates that 
the composition of Co3O4/Au@MWCNTs ternary composite did not significantly distort the CV 
curves, ultimately, no pronounced shift was observed in the redox peaks compared to the 
individual Co3O4 or Co3O4@MWCNTs binary composite. This phenomenon is associated with 
the good reversibility behavior of the ternary composite. In addition, a significant increase in the 
intensity of the Co3O4/Au@MWCNTs redox peaks is attributed to the increased conductivity of 
Au NPs enriched with the extended electron transfer channels during the oxidation and reduction 
process. This fact implies that synergy of Au NPs in the ternary composite and its decoration on 
the MWCNTs matrix can definitely improve the electrochemical functioning of the resultant 
device owing to the enhanced conductivity and capacity fading of the ternary composite.42 Figure 
9d compares the performance of individual Co3O4, its Co3O4@MWCNTs binary and 
Co3O4/Au@MWCNTs ternary composites at a scan rate of 3 mV s
-1. Moreover, the 
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Co3O4/Au@MWCNTs ternary composite, due to the high conductivity of MWCNTs matrix and 
Au NPs, exhibits relatively high background current compared to pristine Co3O4 NPs. 
The reactions mechanism in 1 M KOH is based on the following equations.  
Co3𝑂4 + 𝑂𝐻
− + H2𝑂 ⟷ 3𝐶𝑜𝑂𝑂𝐻 +  𝑒
−      (1) 
It is noteworthy that the CV curves do not display the distinguished pseudocapacitive behavior 
(rectangular CV curve), that is “steady change of capacitance over the entire potential window”, 
which is coherent with the formerly published findings that describe the electrochemical 
performance in terms of specific capacity contrary to the specific capacitance.32 The specific 








         (2) 
where, the specific capacity is presented by Qs (C/g), scanning rate by v (V/s), active material 
mass loading by m(g) and the integral part of the equation represents the area under the peak 
(anodic) of the CV curve. The Co3O4/Au@MWCNTs ternary composite showed the highest 
specific capacity of 108.80 C g-1 compared to Co3O4@MWCNTs binary composite (57.00 C g
-1) 
and Co3O4 (40.90 C g








Figure 9: CV curves of (a) pristine Co3O4NPs (b) Co3O4@MWCNTs binary and (c) 
Co3O4/Au@MWCNTs ternary composite measured at varied scan rates. (d) CV curves to compare 
the electrochemical performance of Co3O4 NPs, Co3O4@MWCNTs binary and 
Co3O4/Au@MWCNTs ternary composites recorded at 3 mV s
-1. 
 
3.3.2 GCD and EIS studies 
The GCD curves were recorded to evaluate the capacity performance of the Co3O4 and its 
composite in a potential range of 0-0.5 V at varied current densities (0.1-1.0 A g-1), as presented 
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in Figure 10. The non-linearity of the curves is associated with the faradic behavior which is 
showing the battery type characteristics of the electrodes. Taking into account, the charge-
discharge curves of all three materials, ternary composite (Co3O4/Au@MWCNTs) possesses the 
longest discharge time and hence depicts the best performing electrode material compared to its 
counterpart electrodes.    
The specific capacity ( Qs ) values of the modified electrodes can be determined from the 





=      (3) 
where, I(A) is the discharge current, ∆𝑡(s) time to fully discharge and m(g) represents the mass 
loading of the material. The computed specific capacities are 109.77, 57.17 and 41.30 C g-1 
forCo3O4/Au@MWCNTs, Co3O4@MWCNTs and Co3O4, respectively at a current density of 0.6 
A g-1. Figure 11a exhibits the specific capacity of all three variants of electrode materials at 
different scan rates. The 𝑄𝑠values experienced a gradual decay at increased scan rates due to the 
unsynchronized movement of charges at the corresponding current densities. Moreover, the 
diffusion or migration of electrolyte ions demonstrates slow diffusion or migration through the 
electrodes at higher scan rates.43 The 𝑄𝑠 values were decreased to 12.38, 23.71 and 33.42 C g
-1 for 
Co3O4, Co3O4@MWCNTs binary and Co3O4/Au@MWCNTs ternary electrodes, respectively at 
high scan rates. These values clearly indicate the performance limitation of Co3O4 as standalone 
electrode materials compared to their binary and ternary composites. Significantly improved 
performance of the binary and ternary composites is attributed to the ability of MWCNTs to 
disaggregate Co3O4 NPs and enhanced conductivity due to the inclusion of highly conductive Au 
NPs. However, MWCNTs have increased the rate capability, probably due to disaggregation and 
23 
 
random growth of Co3O4 NPs on the MWCNTs matrix. It is thus clear from the results illustrated 
in Figure 11a that hybridization of MWCNTs and Au along with the Co3O4 base-material has 
remarkably improved the electrochemical performance of the ternary composite.   
 
Figure 10: GCD cures at various current densities, (a) Co3O4, (b) Co3O4/@MWCNTs, (c) 







Figure 11: (a) Specific capacities of Co3O4 NPs, Co3O4@MWCNTs binary and 
Co3O4/Au@MWCNTs ternary composites at various scanning rates. (b) Nyquist plots of the 
Co3O4 NPs, Co3O4@MWCNTs binary and Co3O4/Au@MWCNTs ternary composites. Inset 
Figure 11(b) shows the EIS spectrum in high frequency region.  
 
The EIS studies are highly regarded as the principal method to evaluate the fundamental 
behavior of the electrochemical storage devices, particularly, intrinsic mechanism of the 
electrodes.44, 45 The Nyquist spectra for Co3O4 as well as its binary and ternary variant electrodes 
are shown in Figure 11b. The spectra exhibit a straight line in the low frequency and a semi-circle 
in the high frequency region. The nearly vertical line in the low frequency region corresponding 
to the Co3O4/Au@MWCNTs ternary composite suggests the nearly ideal capacitive behavior of a 
supercapacitor with low 𝑅𝑐𝑡  values. A line parallel to the y-axis ascribes the increased charge 
storage capability of the Co3O4/Au@MWCNTs ternary composite which is obviously expected. 
The hybridization of MWCNTs and Au along with Co3O4 NPs has ultimately enhanced the 
conductivity of the resultant composite. In addition, the Co3O4 exhibited the largest semi-circle 
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than its binary and ternary variants that indicates its relatively higher charge transfer resistance. It 
is noteworthy that the agglomeration of Co3O4 induces the higher diffusion resistance compared 
to its variants. Furthermore, the aggregation of Co3O4 induces the low specific capacity owing to 
the agglomeration induced less EC active sites. Contrary to this, the Co3O4 NPs form nodes onto 
the MWCNTs matrix that ultimately provides the large accessible electroactive sites for the Au 
NPs. Thus, the redox active sites can be increased to carry out electrochemical activity more 
efficiently. Moreover, the MWCNTs, Co3O4, and Au which are in very low dimensions are able 
to squeeze the path traced for the electronic insertion/disinsertion to the Ni-foam, resulting in the 
highest retention when equated to unaided Co3O4 and Co3O4@MWCNTs composite. 
4.0  Electrochemical studies of the assembled supercapattery 
The EC evaluation of the electrode materials is generally performed in two and three 
electrodes configurations. The two electrodes configuration is believed to possess relatively closer 
approach to the real application of  electrochemical storage device.46, 47 Therefore, the 
supercapattery was assembled in the two electrodes configuration using the best performing 
electrode material e.g. the Co3O4/Au@MWCNTs ternary composite, in order to further evaluate 
the performance. Before assembling the two electrodes configuration, individual CV curves for 
positive (Co3O4/Au@MWCNTs) and negative (AC) electrodes were obtained in the three cells 
configuration to estimate the maximum stable working potential window as shown in Figure 12a. 
It is evident from the results that the potential range can be extended up to 1.5 V, by combining 
the 0 to 0.5 V for Co3O4/Au@MWCNTs and -1 to 0 V for AC. Figure 12b depicts CV curves of 
an optimized Co3O4/Au@MWCNTs ternary composite in two electrodes configuration at varied 
scan rates from 3 to 100 mV s-1. Nearly rectangular curves with no prominent peak until 0.5 V 
clearly indicate the EDLC effect which specifies that energy storage occurred due to the 
26 
 
intercalation of OH- ions at the electrode interface. Moreover, energy storage was induced by 
faradaic reactions after 0.5 V as the oxidation-reductions peaks also emerged in the mechanism. It 
can be seen that the curve started to distort beyond 1.5 V and climbed upwards along the vertical 
axis, which indicates the maximum limit of the potential range. Initially, almost rectangular CV 
curve indicates the ideal capacitive behavior that is attributed to the AC followed by the wide redox 
peaks arise from Co3O4/Au@MWCNTs composite. Moreover, the amplified intensity of the redox 
peaks at a higher scan rate and the conserved CV curves clearly indicate the efficacy of the material 
in terms of stability and rate capability of the resultant device even at higher scan rates, i.e., 100 
mV s-1.48 
The GCD curves of the best performing electrode material (Co3O4/Au@MWCNTs ternary 
composite) based on the two electrodes configuration were obtained at low and high current 
densities as shown in Figure 12c and 12d, respectively at 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 1.0, 1.5, 2.0, 
2.5 3.0, 3.5 and 4.0 A g-1. The charge-discharge behavior indicates that the redox process 
dominates up to the maximum potential window. The typical symmetric GCD curves at varied 
current densities demonstrated that the devices possess excellent capacitive behavior with 
prominent reversible redox mechanism. 


















                                                   
(5)  
where, ∆𝑉 , Qs  and ∆𝑡 (s) denote the potential window, the specific capacity (Cg-1) and the  
discharge time, respectively. The ternary composite based device possesses an energy density, E= 
18.80 Wh Kg-1 and power density of 302.00 W Kg-1 at 0.4 A g-1 current density. However, the 
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significant increase in the power density up to 2577.60 W Kg-1 lowered the E value to 9.94 Wh 
Kg-1 when current density was increased to 4.0 A g-1. 
  
 
Figure 12: (a) Comparative CV curves of Co3O4/Au@MWCNTs ternary composites and AC 
electrodes performed in a two-electrode cell in KOH aqueous solution at a scan rate of 10 mV s-1. 
(b) CV of optimized Co3O4/Au@MWCNTs ternary composites based supercapattery measured at 
different potential windows. Galvanostatic charge-discharge curves of Co3O4/Au@MWCNTs  
ternary composites supercapattery devices at (c) low and (d) high current densities.  
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 Figure 13a shows the Nyquist plot of the assembled supercapattery incorporating 
Co3O4/Au@MWCNTs ternary composite as a positive electrode material. As expected, a small 
semicircle is observed in the high frequency region showing the low charge transfer resistance and 
the almost vertical line parallel to the imaginary axis demonstrates the high charge storage 
capability of the device. A good cycle life is a fundamental requirement for a supercapattery 
device. The cycle life test was carried out for the Co3O4/Au@MWCNTs//AC supercapattery over 
3500 cycles by charging and discharging at a current density of 4 Ag-1 between 0 and 1.5 V. The 
device showed outstanding electrochemical stability and experienced only 8.30 % deterioration in 
the initial capacity after 3500 cycles. Therefore, the retention of 91.70 % after 3500 cycles (Figure 
12b) for the Co3O4/Au@MWCNTs//AC supercapattery is promising for its further realization in 
practical applications. 
 
Figure 13: (a) Nyquist plot of Co3O4/Au@MWCNTs ternary composite in the assembled device. 
(b) Cycle performance of the Co3O4/Au@MWCNTs ternary composite electrode as a function of 
the number of cycles at a current density of 4 A g-1 in  1 M KOH. The inset shows the power 
density decay vs energy density of the assembled devices.  
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5. CONCLUSIONS  
 In summary, a novel supercapattery based on Co3O4/Au@MWCNTs ternary composite as 
a positive electrode and AC as a negative electrode, has been assembled in a 1  M KOH electrolyte. 
The as-prepared composite of Co3O4 and Au NPs decorated on MWCNTs to form ternary 
composite potentially possessed enhanced electroactive sites and conductivity due to 
disaggregation of Co3O4 NPs and highly conductive Au NPs. The disaggregation drawback of 
Co3O4 NPs has also been modeled using DFT simulation. The ternary composite was cycled 
reversibly in a stable potential region of 0-1.5 V that demonstrated the enhanced energy density of 
18.80 Wh Kg-1 and a corresponding power density 302.00 W Kg-1 at a current density of 0.4 A g-
1.  More importantly, the ternary composite prevents the degradation of the resultant electrode 
during cyclic lifetime, resulting in a promising cycle life with a retention value of 91.70 % even 
after 3500 reversible cycles. Therefore, the newly synthesized Co3O4/Au@MWCNTs ternary 
composite in the present study can be regarded as a promising candidate for its exploitation in high 
performing energy storage devices possessing high energy density, longer cyclic life and excellent 
rate capability.  
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